A b s t r a c t This paper presentsa synchronous frame flux based control method for a parallel active filter application. The flux based controller directly implements the inverter switchings in the synchronous reference frame by a hysteresis rule based carrierless PWM strategy to achieve high current bandwidth. This paper addresses the issues and impact on parallel active filtering requirements for utility interface of commonly used harmonic front-ends. The synchronous frame flux based controller provides additional insights for harmonic current compensation requirements. Simulation results provide the validation of the flux based active filter controller to meet IEEE 519 recommended harmonic standards for large rated non-linear loads under balanced and unbalanced supply conditions.
I. INTRODUCTION
Active filtering as a means for harmonic compensation is becoming a cost effective solution for realizing a harmonic free utility interface for large non-linear power electronic loads such as adjustable speed drives (ASD). Proliferation of power electronics loads, a prerequisite for realizing energy efficiency and productivity benefits, has brought utilities to crossroads. Utilities more frequently encounter harmonic related problems such as substantially higher system losses, required derating of distribution equipment, harmonic interactions between customers or between the utility and load, reduced system stability and safe operating margins. Utilities are beginning to implement harmonic 'standards' such as IEEE 519 to alleviate harmonic related problems. It is important to note, however, that IEEE 519 is only applicable at the point of common coupling (PCC) at a
The parallel active filter approach as shown in fig. 1 , is based on the principle of injection of load harmonic currents and hence is characterized by non-sinusoidal current tracking and high current bandwidth requirement issues of parallel active filters are discussed in section 11.
The flux based controller utilizes the linear relation between the flux and current in a linear inductor and facilitates direct implementation of a current regulator without explicit generation of voltage references. Concept and implementation of the SRF flux based controller is discussed in section 111. Experimental measurements and discussion of various commonly used harmonic front ends and their impact on active filtering requirements are given in section IV. Sequencing and start-up issues of the parallel active filter are given in section V. Simulation results for a commonly used utility interface front-end for large rated ASD load is given in section VI. The flux based controller achieves implementation of a general current regulator and is well suited for both non-sinusoidal current tracking such as for active filters and sinusoidal current references such as for motodservo drive applications as discussed in [7] .
CONTROL REQUIREMENTS FOR PARALLEL ACTNE FILTERS
The parallel active filter is controlled as a harmonic current source to inject load current harmonics into the supply, and hence the siipply line impedance does not influence its compensation characteristics. This requires implementation of a suitable current regulator for the parallel active filter inverter.
Realization of harmonic free utility interface applications by parallel active filters are in general characterized by: 0 Non-sinusoidal multiple frequency current tracking. 0 Ability to operate with low inductances (<5%=0.05pu).
0 High dz/dt and high current bandwidth requirement. e Do not maintain constant switching frequency. 0 Per phase based hysteresis current regulators suffer from phase interactions which causes significant low frequency errors and increased peak current ripple.
0 Existence of unacceptable limit cycles in the current. These problems are accentuated under non-sinusoidal current tracking conditions. Several different forms of estimating the back emf and phase-locked-loop (PLL) techniques exist which modulate the hysteresis band to minimize the variable switching frequency limitation [13] - [14] , but these methods do not address the other limitations. Further, per phase based hysteresis current regulators, even including those that feature an explicit decoupling of the phases by the integration of the neutral voltages, do not alleviate the problems of low frequency current errors, peak current ripple and limit cycles in the current, especially with low inductance operation and under non-sinusoidal current tracking conditions.
Complex dq vector based current regulators -for both carrier and carrier-less modulation schemes -are imperative to alleviate the problems of per phase based current regulators [ 101. Their implementation implicitly decouples the phases and hence prevents phase interactions and facilitates prescribed adjacent state switching vectors to enable minimization of low frequency errors and current ripple.
m. FLUX BASED ACTIVE mLTER CONTROLLER
The block-diagram of the SRF flux based controller shown in fig2 is used for extraction of load current harmonics and for direct implementation of the inverter switchings by a hysteresis rule-based carrier-less PWM scheme. The active filter terminal flux is measured and used as a feed-forward quantity to generate the inductor flux ($5) reference, as shown in fig.2 In the flux model in fig.3 (a) resistance in LF is negfected.
From this model, the required reference inverter flux *z (in the stationary frame) equals: However, the filter current 2% also needs to provide the inverter losses and the power to charge the dc-link capacitor cbus. A dc bus voltage feedback loop regulates active power flow to compensate for the inverter losses by a PI regulator output which is added to ie* The PI regulator output should be bandwidth limited to elimnate all the harmonic frequency components which are present in the load current to avoid any power oscillation between the active filter and the supply.
Reactive power compensation can also be achieved by adding a reactive current command in the d-axis to isM as shown in fig. 2 . This can be a desirable feature for thyristor based frontends, which require reactive power compensation to achieve unity input displacement factor. The flux deviations A@ are the inputs for the switching rules decision unit. Note that the flux across LF is less c a n 5% of the supply flux. The small difference between QkV and $5 (see fig.3 (b)) necessitates the subtraction before the vector rotation, as shown in fig.2 . An important requirement is the pure integration of qnV (2) and additional filtering of the signal is not required since the ripple itself is the switching criterion. The switching rules, as explained below, apply to the deviation between the actual flux and the reference flux in the synchronous frame. Four decision boundaries: fAd and haq are determined by the desired minimum pulse-width of the inverter, the dcbus voltage, the supply frequency and flux amplitude. Fig.4 shows the confined 'box' defined by the decision boundaries attached to the tip of the rotating inverter flux reference vector in the stationary frame. The center of the 'box' represents the actual reference flux and the 'box' determines the high and low frequency flux and current errors.
As can be seen from the+23 = 8 possible switching states in fig.4a , the inverter flux Q&,, is only able to transverse in 6 predefined directions given by active vectors, and the inverter flux $iv stops during zero vectors (000 and 111). A distinct advantage of the flux based controller implementation in the synchronous frame is the identification of time duration of the active and zero vectors. This understanding allows implementation of prescribed adjacent vectors and zero vectors for any given flux reference by simple rules in the synchronous frame.
In the synchronous frame during each zero vector, the inverter flux revolles in the_ negative direction and the angular deviation between iPgv and *E,, increases. However, during adjacent state active vectors, the flux speed of $$, , will be larger than that of $% and hence the angular deviation will increase. This implies that the zero vectors mainly control the angular (tangential) flux advancement for high 'modulation index' conditions and determine the peak current ripple in the q-axis [7] .
Due to the discrete inverter active vectors, the actual advancement of $$, , will always be either on the inner side of the reference flux direction of progress (leading), or on the outer side (lagging). FigA(a) shows how a choice of radial tolerance band will force the flux orbit to stay between the inner and outer circle with just the first two rules, as given below, which guarantee always adjacent state switching. The last two rules ensure accurate positioning of zero vectors which are all constrained by the 'box' to be of equal duration.
1. When reaching the outer radius (@E,, > + Ad) and lagging, switch to the active vector which leads the present vector by +60°.
and leading, switch to the active vector which lags the present vector by -60'.
3.
If the tangential flux error exceeds +Aq, switch to the zero vector that involves one switch transition. 4 . If the tangential flux error is smaller than -Aq, switch back to the same active vector before the zero vector.
When reaching the inner radius ( ! PE, ,
In this way a tangential flux ripple with constant peak to peak amplitude of -+Aq is realized, yielding a minimal q-axis current ripple, or equivalent torque ripple in machine drive applications. The radial ripple with an amplitude of &Ad corresponds to the d-axis current ripple or equivalent magnetizing current ripple in a machine. These rules constrain the inverter flux vector error to a rectangular 'box' in the synchronous frame. For small tracking errors in both d-and q-directions, a square 'box' is most optimal. For single frequency tracking in machine drive applications, the tangential ripple [16] has much more impact on the torque ripple, reducing the need for a small radial ripple. A pre-defined minimum pulse width Tm, supply flux and dc link voltage determine the 'box' dimensions as given in [171,[181. The implementation of the flux based controller in the synchronous frame dqe achieves implicit decoupling of the phases and prevents adverse effects of phase interactions and undesirable limit-cycles in the current.
The motivation for carrying out the above rules in the synchronous frame as opposed to the stationary frame is the ease of implementation, and the fact that the load harmonic current extraction is already performed in the synchronous frame by the SRF controller. The distinct advantages of this carrier-less hysteresis scheme implemented in the synchronous frame are that most disturbance effects such as dc-link fluctuations, non-sinusoidal voltages on the rectifier input due to commutation, unbalanced supply and load conditions, turn-on and turn-off delays and voltage drops are automatically compensated for due to the integration of the actual inverter output voltages.
The flux controller is being implemented by analog-digital hardware and hence circumvents the sampling and computation delays associated with a digital signal processor, a major limitation for high frequency tracking. Analog controller implementation also effectively alleviates the issues related to high frequency reference change compared to a sampled current regulator implementation, which is a major issue for high frequency tracking.
Suppression of the inverter switching frequency ripple by a capacitive filter has not been simulated and related issues are beyond the scope of this paper.
Iv. HARMONIC LOADS AND ACTIVE FILTERING
Diode and thyristor bridges constitute common utility interface front-ends. The EEE 519 harmonic standard is a PCC specification and its short circuit ratio (SCR) determines the allowable total harmonic distortion (THD) limits. The utility interface characteristics depend on the PCC transformer leakage inductance and on the filtering elements used in the system. The PCC transformer usually supplies diverse loads in an industrial plant and active filtering solutions should be applied at the PCC in such cases. A simple classification of harmonic performance of various utility interface systems is given below to greater than 130%. The supply peak current, THD and dz/dt significantly increase for stiff ac supply systems. (from the origin) between the highest and the lowest amplitude is indicated by h in fig.6 current is clear from a much smaller h-value. The THD depends on the dc side inductor value and the operating point of the load. These front-ends are beset with very high di/dt problems for stiff ac systems and hence require a high bandwidth active filter for harmonic compensation. The dc side inductor smoothes the dc linkcurrent, minimizes supply unbalance effects and enables the application of cost-effective parallel active filters, albeit, with the penalty of high active filter bandwidth requirement. Hence they do not offer an optimal front-end for harmonic compensation. Thyristor front-ends require reactive power depending on the operating point. Fig. 7 (a) front-end topology is similar to Case A, but has supply side inductors with the intention of reducing the peak line current and THD (typically limited to 40%). Fig. 7(b) shows experimental line current waveforms with THD of 32.6% and CF of 2.0 at 1.1 [kW] and Ls=1.25 [mH] . Fig. 7(c) shows linecurrent and its extracted fundamental component in the stationary frame and fig. 7(d) shows the line current and supply unbalance in the synchronous frame. Fig. 7(d) shows that the d-component (w) is significantly reduced compared to Case B whereas the q-component (h) is increased compared to Case A.
B. Diode or Thyristor bridge with dc side inductor system

C. AC supply side line inductol; diode bridge with dc side
Supply side inductors increase the commutation overlap angle, consequently reducing the di/dt and bandwidth requirement of the active filter for harmonic compensation. Note that the ac side inductor has the effect of reducing the angular de- Supply side inductors reduce the peak value, THD and the di/dt of the line current. The dc side inductor results in continuous line currents and helps reduce unbalance effects of the supply side as can be seen from fig 8(d) and fig. 6(d) . This front-end has the highest cost.
inductor and dc side capacitor system v. SEQUENCING AND START-UP The active filter sequencer is implemented as a state machine. The start-up process has three states; viz. pre-charging state, charging state and compensation state. During the pre-charging state the active filter dc bus capacitor Cb,, is charged through a diode and resistor to the peak of the supply voltage (650 [VI).
The anti parallel diodes provide a three phase rectifier operation when the active filter contactor is closed. During the charging state, the dc bus PI controller regulates vbus to its nominal value of 750 [VI and the harmonic references are isolated by analog switches. This mode allows the low-pass filters of the SRF controller to achieve steady state. Harmonic references are enabled during the compensation state. This facilitates a fundamental components. During the dc bus charging, 3 is very close to &, except for the additional active filter inverter's switching ripple. After t = 0.04 [SI, the active filter is switched on, causing an instantaneous transition from uncompensated to the compensated state. The reference currents in the stationary frame are given as isd and isq in fig.9 . The vector % is shown in the center of fig.lO(b) .
W. ACTIVE RLTERS FOR ASD LOADS: SIMULATION RESULTS
The validation of the flux based active filter controller is provided by simulation results of a 34, 460 [ In fig.l4 (a) the unbalance in the load current vector z2 is clear from its di2torted shape. The load current in the synchronous frame 2 ; shows three distinct orbits instead of just one in the balanced case. Fig.l4(b In the simulated case the rectifier currents become discontinuous for loads smaller than 0.lpu. As can be seen from fig.15 , despite the reduction in THD with increasing load, the active filter rating depends on the highest harmonic current peak at rated load.
VII. CONCLUSIONS
0 This paper demonstrates the validation of the synchronous frame flux based controller for a parallel active filter application .
0 The synchronous frame flux based controller implements a hysteresis rule-based carrier-less PWM strategy directly in the complex dq synchronous frame. This method realizes the full potential of a hysteresis based current regulator by effectively addressing the limitations of a conventional and other state of the art hysteresis based current regulators. Direct control of the inverter flux (a continuous variable) enables direct implementation of the current regulator without explicit generation of voltage references. Simple rules ensure prescribed adjacent state switching and prescribes equal duration zero vectors. 0 This paper emphasizes the need for a systems approach to active filtering. Distinct harmonic compensation requirements and related issues, such as THD, peak harmonic current and required active filter bandwidth has been identified and addressed for various commonly used harmonic front-ends for ASD loads. 0 It has been shown that for large rated ASD loads, the desirable harmonic front-end for application of parallel active filters is the diode bridge front-end with ac and dc side inductors. 0 Transformation of the load current into the synchronous frame directly shows the harmonic compensation required by the parallel active filter in the radial (width w ) and tangential (height h) directions. 
